1. We studied the activity of single neurons in the frontal eye fields of awake macaque monkeys trained to perform several oculomotor tasks. Fifty-four percent of neurons discharged before visually guided saccades.
2. Three different types of presaccadic activity were observed: visual, movement, and anticipatory. Visual activity occurred in response to visual stimuli whether or not the monkey made saccades. Movement activity preceded purposive saccades, even those made without visual targets. Anticipatory activity preceded even the cue to make a saccade if the monkey could reliably predict what saccade he had to make.
3. These three different activities were found in different presaccadic cells in different proportions. Forty percent of presaccadic cells had visual activity (visual cells) but no movement activity. For about half of the visual cells the response was enhanced if the monkey made saccades to the receptive-field stimulus, but there was no discharge before similar saccades made without visual targets.
4. Twenty percent of presaccadic neurons discharged as briskly before purposive saccades made without a visual target as they did before visually guided saccades, and had weak or absent visual responses. These cells were defined as movement cells. Movement cells discharged much less or not at all before saccades made spontaneously without a task requirement or an overt visual target.
5. The remaining presaccadic neurons (40%) had both visual and movement activity (visuomovement cells). They discharged most briskly before visually guided eye movements, but also discharged before purposive eye movements made in darkness and responded to visual stimuli in the absence of saccades. There was a continuum of visuomovement cells, from cells in which visual activity predominated to cells in which movement activity predominated. This continuum suggests that although visual cells are quite distinct from movement cells, the division of cell types into three classes may be only a heuristic means of describing the processing flow from visual input to eye-movement output.
6. Twenty percent of visuomovement and movement cells, but fewer than 2% of visual cells, had anticipatory activity. Only one cell had anticipatory activity as its sole response.
7. When the saccade was delayed relative to the target onset, visual cells responded to the target appearance, movement cells discharged before the saccade, and visuomovement cells discharged in different ways during the delay, usually with some discharge following the target and an increase in rate immediately before the saccade. Presaccadic neurons of all types were actively suppressed following a saccade into their response fields.
8. All presaccadic activity was stimulus dimensions . We plotted selective for movementand visuomovement-cell discharge as a function of saccade direction and amplitude. Direction plots were fit to a Gaussian function and amplitude plots fit to a log-Gaussian function. Movement cells were less sharply tuned to direction and amplitude than were visual cells. Visuomovement cells had intermediate tuning. INTRODUCTION In the 19th century, Ferrier discovered that electrical stimulation of monkey frontal lobes resulted in the generation of contraversive eye movements (15, 16). Because some patients with frontal lesions initially have difficulty with contraversive gaze, it became commonplace that the frontal eye fields are involved in the generation of saccades (33, 34) . The original single cell studies of Bizzi (6, 7) indicated that the role of the frontal eye fields in the guidance of eye movements was not that of a simple obligate premovement command signal. He found that the great bulk of frontal eye-field neurons were silent in relation to spontaneous saccades, a small percentage of neurons discharged during and after saccades, and no cell discharged before the onset of spontaneous saccades. This finding generally indicated that the traditional model was wrong, and that the role of the frontal eye fields was not to initiate saccades (12, 18, 62) . However, several recent studies support an important role in the production of saccadic eye movements. Robinson and Fuchs (59) showed that electrical stimulation of monkey frontal eye fields elicits saccades identical to those seen in natural oculomotor behavior. In addition, it has been established that frontal eye field neurons have visual receptive fields (5 1, 54) and that when receptive-field stimuli are targets for saccadic eye movements these visual responses are enhanced (24, 84). Previous work from this laboratory has further demonstrated that this enhancement of visual responses in the frontal eye fields only occurs when the receptive-field stimulus guides eye movements, and not when the stimulus is attended to for other purposes (24).
Although frontal eye-field lesions do not simply eliminate saccadic eye movements, lesion studies sugest that the frontal eye fields are involved in the production of saccades. Schiller, True, and Conway (65) recently found that combined lesions of the frontal eye fields and the superior colliculus cause a devastating reduction in the frequency and range of saccadic eye movements, even though neither lesion alone has such an effect. Furthermore, frontal eye-field lesions cause lasting deficits in perimetry, visual search, eccentric fixation tasks (1 l-l 3, [40] [41] [42] [43] , and oculomotor difficulties may be associated with some of these deficits. The stimulation and lesion data together suggest that although the frontal eye fields are not absolutely necessary for production of saccades, they are involved in the normal processes of saccade generation.
The present experiments examined further the activity of single neurons in the monkey frontal eye fields, with an emphasis on activity that precedes saccades, and therefore could have a role in the generation of these eye movements.
Because only minimal frontal eye-field activity precedes spontaneous saccades that are not associated with purposeful behavior, we used monkeys trained to make saccadic eye movements under a variety of experimental paradigms. To separate visual and movement aspects of presaccadic activity we included tasks that induced the monkeys to make particular saccades in the absence of a visual target. The results demonstrate activity in the frontal eye fields suitable for an important role in the generation of saccades. They also show that, although the frontal eye fields contain many visually responsive neurons and have considerable activity before visually guided saccades, there is also significant activity preceding saccades that are not directed at visual targets. This activity is associated with motivated, purposive saccades and is much less intense before saccades unrelated to a task, such as saccades generated spontaneously in the dark. Preliminary reports of these experiments have been presented elsewhere (8, 2 1).
METHODS

Behavioral methods
Three adult rhesus monkeys were trained to fixate small spots of light on a tangent screen using the basic paradigms developed by Wurtz (79) . The preliminary training procedures have been described in detail elsewhere (20, 78, 79) . The monkeys learned to depress a lever to make a light appear on a tangent screen 57 cm in front of them, and release the lever when the light dimmed to receive a drop of liquid reward. Usually the monkeys earned their daily fluid intake by performing the tasks to satiety. The difficulty of the tasks was gradually increased, and finally included movements of the target light prior to its dimming. After the search coil was implanted we often rewarded the monkey for achieving a correct eye position or for making a correct saccade, and in those experiments we dispensed with the lever and target dimming.
An on-line computer system, implemented on a PDP-1 l/34 computer, controlled the visual stimuli, rewarded the monkey, and sampled both eye movements and single-unit activity. This system has been described in detail recently (20) .
Five basic conditions were used to study the associations of unit activity with visual stimulation and oculomotor behavior. These included four basic behavioral tasks, illustrated in Fig. 1 , and a condition in which the monkey was allowed to make spontaneous eye movements at rest. All tasks except spontaneous eye movements required that the monkey first look at a fixation light (usually located at the center of the screen) for -1 s. Subsequent incorrect oculomotor behaviors, such as premature or tardy saccades and saccades of the wrong dimensions, were punished by immediate termination of the trial without a reward, and the unit data could be discounted for such trials. Alternatively, data from rejected trials only could be examined to see if aberrant behavior led to systematic biases in cell discharge. Behavioral paradigms. Horizontal and vertical eye position (H and V) and stimulus traces (Sl and S2) are shown for each of four tasks. In NO SACCADE task Sl appears and remains on. Monkey fixates Sl and does not break gaze to look at S2 when it appears (upward deflection in S2 trace) or disappears (downward deflection). He is rewarded (R+) for either releasing a bar at the dimming of Sl or merely for maintaining proper eye position. Cartoon at the right shows that no eye movement is made. In SACCADE TO VISUAL TARGET Sl disappears when S2 appears and monkey makes saccades to fixate S2, as indicated by arrow in cartoon. Ticks at saccade beginning and end in vertical eye trace signal computer's on-line recognition of the saccade. In SACCADE TO STABLE TARGET S2 is always on. Signal to saccade from Sl to S2 is the disappearance of Sl, indicated by the downward deflection in the Sl trace. Cartoon shows the saccade from Sl to S2. In the LEARNED SACCADE task, monkey makes a saccade to where S2 had been in previous trials. Signal to make eye movement is disappearance of Sl. Cartoon shows that saccade is made in absence of a target. AND M. E. GOLDBERG NO-SACCADE TASK.
A visual stimulus was presented in the periphery, but was irrelevant to the monkey's task. The fixation light remained on and the monkey was rewarded either for detecting its dimming or simply for continuing to fixate. The visual stimulus in the no-saccade task could be used to study the passive visual properties of a cell.
VISUAL SACCADE TASK.
The onset of the peripheral visual stimulus coincided with the disappearance of the fixation point. The monkey made a saccade to fixate the new stimulus in order to detect its dimming. The monkey could also be directly rewarded for making a saccade of proper amplitude and direction. The computer calculated the differences between the target vector and the saccade and rewarded the monkey if that difference were less than a stated amount, usually 5O for 20° saccades. Because the monkey's saccades were nearly always well within this window, direct reward did not train the monkeys to perform more accurate saccades. However, because rewards were given immediately after the saccade, direct reward usually induced saccades of shorter latencies than those found in the dimming task. In an alternate version of this task the monkey had to make a saccade to a target that flashed as briefly as 25 ms. In this version the monkey had to be directly rewarded for the eye movement as there was no target whose subsequent dimming could be perceived. The visual-saccade task is the simplest way of analyzing the presaccadic properties of a neuron.
STABLE
TARGET SACCADE TASK.
Saccades were made to a visual target continuously present in the periphery, and the disappearance of the fixation point was the signal to saccade (26). In an alternative version the target was not continuously present, appearing after the monkey achieved the fixation light but at least 1 s before the fixation light disappeared. By temporally separating the appearance of targets from the signal to saccade, both versions of the stable saccade task help distinguish between visual-and movement-related activity.
LEARNED SACCADE TASK.
This task was used to dissociate movement-related activity from activity dependent on visual stimulation. While the monkey was making saccades to a briefly flashed target, it was also presented with trials in which the target light did not appear at all. Correct saccades made in response to the disappearance of the fixation point were directly rewarded in both conditions. The accuracy window was set less stringently than in the visually guided saccade task, usually at a third of the saccade amplitude. The monkey soon learned to make the same saccade on trials without visual targets and continued to do so as long as trials with targets were interspersed. If the cell being studied discharged before learned saccades in the presence of background illumination, the background was turned off, and the experiment was repeated. When the fixation point disappeared in this condition the monkey was left in total darkness and had to make the learned saccades without benefit of any visual information.
SPONTANEOUS
SACCADES.
The monkey sat in total darkness, and the computer recognized whenever particular saccades were spontaneously made. The monkey was kept awake and alert by liquid rewards and loud noises.
We also studied neurons using the following paradigms: 1) a task in which the fixation point disappeared for up to 0.5 s, but the monkey had to hold fixation (60) ; 2) presentation of auditory stimuli during a visual fixation task; and 3) visual pursuit of smoothly moving targets.
Physiological methods
Trained monkeys were prepared for chronic single-unit recording under barbiturate anesthesia. Trephine holes were made over the frontal eye fields on both hemispheres and recording cylinders placed over each hole. To secure the implant, stainless steel bolts with flattened heads were run along slots in the skull with the bolt head under the skull and then secured with nuts above the skull. The cylinders and bolts, the connector for the search coil, and a steel receptacle for attaching the monkey's head to the monkey chair were bound together with dental acrylic.
Eye position was recorded with Robinson's search-coil method (55) . The search coil was placed in one eye using the technique of Judge, Richmond, and Chu (36) . The field coil and associated electronic equipment were made by CNC Engineering, Seattle, WA. The horizontal and vertical eye channels were sampled by the computer at a rate of 1 kHz with an accuracy of 5 min of arc per bit. The on-line computer program also found the beginning of each saccade made, using the algorithm of Van Gisbergen and Robinson (74), and computed its dimensions when it ended. Twosecond epochs of both eye channels, the behavioral trace, and the single-unit activity were stored for later off-line analysis.
Single units were isolated with glass-coated platinum iridium electrodes (77) that were advanced through the intact dura with a hydraulic microdrive (Narashige). The microelectrode signal was amplified lO,OOO-fold by a custom-made preamplifier close to the monkey. This signal passed through a Butterworth filter circuit providing a low pass at 8 kHz to eliminate artifact from the 32 kHz coil driver, and then to a time-window discriminator (Bak) that generated unit pulses to be sam-pled by the computer every millisecond. The signal was simultaneously sent to an analog delay line (Bak) so that all of the accepted waveform could be examined.
The recording microelectrode was used for intracortical microstimulation (2) to evoke eye movements for localization purposes. Seventymillisecond trains of biphasic pulses (250 ps per phase) were generated at a frequency of 350 Hz by a Grass S88 stimulator triggered by the computer. The outputs of the stimulator were connected through two constant-current optical isolator units (Grass PSIU6) to the microelectrode. Current was monitored by measuring the voltage across a resistor in series with the electrode. Currents between 10 and 150 PA were used.
Visual stimuli
Visual stimuli were presented by flashlights made with LEDs mounted behind pinholes and focused with a projector lens. They were operated via microrelays controlled by the computer and appeared as desaturated orange spots subtending about 0.25O on the rear-projection polacoat screen 57 cm distant. Typical background illumination was -1 cd/m2. Many experiments were repeated without any background illumination and with the only light coming from the stimuli themselves. In these experiments the monkey was in total darkness whenever all stimuli were off.
Stimulus location was varied by manually directing these flashlights, which were mounted on ball joints, or by using a servo-controlled mirror galvanometer system (General Scanning) that directed the beam from one of them. The location of this light was controlled either with a joystick or by direct designation of coordinates through the computer.
To test larger stimuli of different shapes, we also employed a Leitz projector with rotary solenoid shutters and an adjustable slit maker.
Data analysis
Stimulus histograms and dot rasters were calculated on-line and stored on a magnetic disk for further off-line analysis. One use of these stored data was to calculate numerical indices of movement activity and visual activity for individual cells. Movement activity was defined as the ratio of discharges in the learned saccade task to that in the visually guided saccade task, using the 100-ms epoch of the raster with the greatest number of discharges and subtracting the background rate. Visual activity was similarly defined as the ratio of discharges in the no-saccade task to the number of discharges in the visually guided saccade task. Another use was to characterize quantitatively a neuron's visual receptive field or movement field by plotting discharge frequency vs. saccade dimensions or stimulus location. A window was placed around the burst in the raster with the largest response, and the rate within that window was taken. The same window was used for all points in a given plot, even though the burst duration was often shorter for saccades off the maximum. Rasters aligned on stimulus onset were used for plotting visual receptive-field curves, and rasters aligned on the saccade were for plotting movementfield curves.
Histology
After several months of nearly daily recording sessions the monkeys were killed with an overdose of pentobarbital and perfused with saline followed by buffered formalin. The brain was photographed. Frozen sections, taken either coronal or approximately perpendicular to the arcuate sulcus at its posterior limit, were stained with cresyl violet.
Recording sites in each hemisphere were located on lateral reconstructions of the periarcuate region (Fig. 2) . The majority of electrode penetrations were located at the posterior bend of the arcuate sulcus and often extended from the anterior lip of the sulcus to the floor, i.e., down the rostra1 bank of the arcuate. Individual recording sites that had been marked with electrolytic lesions shortly before perfusion were identified; the long duration of recording and large number of electrode penetrations, however, precluded identification of most older penetrations.
RESULTS
We studied single units in the periarcuate region of both hemispheres of the three monkeys. We defined the frontal eye fields as that region of cortex in which saccades could be evoked by electrical stimulation with currents <50 PA at some point in the electrode penetration. Figure 2 shows the location of the recording sites within this low-threshold cortex for two of the three monkeys. We studied 752 cells in this region. others (14 cells, 1.8%) also discharged in response to auditory stimuli. Nineteen percent also responded in conjunction with saccades, but only during the eye movement or after its completion, and were classified as postsaccadic. Twenty percent did not discharge in relation to saccades, but could be driven under other circumstances, e.g., by auditory stimuli, by fovea1 visual stimuli, in association with smooth pursuit eye movements, in association with particular positions of the eye in the orbit, and in various combinations of these nonsaccade-related circumstances. We could not reliably affect the discharge of 7% of the cells.
We concentrated our efforts on presaccadic neurons, studying each cell in as much detail as possible with the battery of behavioral tasks outlined in METHODS and using the stimulus location and saccade metrics from the visually guided saccade associated with the greatest presaccadic discharge. We found three components of presaccadic activity in the frontal eye fields: I) visual activity was a response to visual stimulation even in the absence of eye movements. Visual activity could be elicited in the no-saccade task. 2) Movement activity preceded purposive saccades, even those made without a visual target. Cells with movement activity discharged in the learned saccade task, but discharged much less or not at all before comparable spontaneous saccades made in the dark. 3) Anticipatory activity was an increased rate of discharge when the monkey could predict the dimensions of the next saccade required. This activity occurred while the monkey was waiting to make the saccade yet before either the saccade target appeared or the central fixation point disappeared. Unlike movement and visual activity, anticipatory activity did not occur on every trial but rather developed over several trials as the required saccade became more apparent.
A given presaccadic neuron could have Table 2 ). We studied 115 presaccadic cells exhaustively enough to assign them definitively to one of these types; most remaining presaccadic cells were retrospectively assigned to these types as well. These classifications are heuristically useful, even though the progression from visual cells through visuomovement cells to movement is fairly continuous, and hence some cells could easily have been assigned to either of two adjacent categories.
Visual cells
Forty-six (40%) cells with presaccadic responses were classifed as visual because they had a substantial visual activity (visual responses in the absence of saccades) and no movement activity (presaccadic activity in the absence of visual stimulation). For about half these cells visual responses were enhanced when the visual stimulus was used as a saccade target (23): nevertheless, even enhanced visual cells had no activity in the learned saccade task.
The duration of the response to visual stimuli varied widely from cell to cell. We measured this duration for 137 cells that had robust visual responses in no-saccade task rasters. The duration of visual-evoked activity was defined as the raster epoch during which the cell discharged above background. The median activity in the designated epochs was 40 discharges/s, whereas the median background activity was 6.6 discharges/s. The minimum response duration was 36 ms. The maximum was 1.4 s, but this is an underestimate because both the length of the trial and the 2-s duration of the rasters arbitrarily limited measured duration. We classified cells with discharge periods of < 100 ms as phasic, and MOO ms as tonic. On our standard TABLE 2. Fully characterized presaccadic neurons visually guided saccade task phasic neurons will cease discharging before the saccade is made, whereas tonic neurons will continue discharging past the beginning of most saccades. Using these criteria 30% were phasic (41/137) and 12% (17/137) were tonic. The remaining cells lay between these limits, and the overall median response duration was 140 ms. There was no significant correlation between response duration and response latency (r = 0.03) and average discharge rate (r = -0.03).
Figure 3 illustrates several properties of phasic visual activity. This cell responded to the onset of a visual stimulus in the nosaccade task (A), but quickly ceased discharging even though the stimulus remained on the receptive field. It yielded an enhanced response to the stimulus in the saccade task (B); the raster, however, synchronized on the saccade (C) shows that the burst was unrelated to the time of the saccade. Finally, the cell gave no discharge before a saccade made in the stable target task (D) in which the saccade occurred without the onset of a receptive-field stimulus. Phasic visual cells also did not discharge in the learned-saccade task (not shown). Figure 4 shows a cell with a tonic visual response. This response continued as long as the stimulus remained in the receptive field (up to several seconds, Fig. 4A ). Such cells usually had a protracted response to brief visual stimuli as well. When the visual stimulus was a saccade target, tonic visual activity was often enhanced (B) and continued until the saccade was made (C). Some tonic visual cells had a transient increase in rate of discharge immediately prior to saccades to a stable target; nevertheless, tonic visual cells had no activity before learned saccades made in the absence of a visual target (Fig. 40) .
Earlier studies (24, 5 1, 54) note that testing with stimuli other than small stationary spots of light indicated that visual activity in the frontal eye fields is seldom selective for stimulus shape, orientation, or direction of motion. Thus visual cells respond not only to the eye movement targets used in this study, but also to most other visual stimuli. Visual receptive fields were large and usually located in the contralateral visual hemifield. Quantitative maps of visual receptive fields are presented later in this paper.
frontal eye fields is seldom selective for stimulus shape, orientation, or direction of motion. Thus visual cells respond not only to the eye movement targets used in this study, but also to most other visual stimuli. Visual receptive fields were large and usually located in the contralateral visual hemifield. Quantitative maps of visual receptive fields are presented later in this paper.
Movement cells Movement cells
At the other extreme from the visual cells were movement cells, representing 20%
At the other extreme from the visual cells were movement cells, representing 20% C (23/ 115) of the cells with presaccadic activity. These cells had strong responses in the learned-saccade task, but little or no response to visual stimuli in the no-saccade task. Figure  5 shows a typical movement cell; it discharged similarly before saccades to a visual stimulus (A) and in the learned-saccade task without a visual target (B). There was a very weak response in the no-saccade task (C). The activity of movement cells in the stablesaccade task (not shown) was comparable to that in the learned-saccade and visually guided-saccade tasks. Although movement cells had little or no response to visual stimuli in the no-saccade task, we further investigated the possibility that visual stimuli were necessary for their presaccadic activity by having the monkeys perform the learned saccade task in total darkness. This eliminated both possible inadvertent visual targets, such as scratches or bits of dust on the screen, and the visual surround (e.g., the outline of the screen and the chamber). Although the monkey's performance sometimes deteriorated in the dark, movement cells continued to discharge unless the monkey stopped doing the task altogether.
Because movement cells are selective for certain amplitudes and directions of saccades, it is unlikely that they were discharging merely in response to the offset of the fixation point. However, to rule out complicated interactions between excitation of the fovea and inhibition by off-direction saccades, we trained two of the monkeys to hold gaze while the fixation point disappeared for 300-500 ms and then reappeared (60) . Movement cells did not respond in this control task.
We also studied unit activity while the monkeys made spontaneous eye movements in total darkness. The computer identified each saccade the monkey made and selected those that approximately matched the saccade for which the unit responded best in the structured saccade tasks. Rasters aligned on the beginning of the selected saccades were used to judge the presaccadic activity of cells during spontaneous eye movements. No cell lacking significant activity in the learnedsaccade task was active before such spontaneous saccades. Of 2 1 cells with strong responses in the learned-saccade task, 39% had no activity before spontaneous saccades in total darkness. The remaining 6 1% did discharge before spontaneous saccades, but their activity was inevitably weaker and less consistent than the activity before purposive saccades. Figures 6 and 7 compare activity before spontaneous saccades with that in the learned-, visually guided-, and the no-saccade tasks. Figure 6 shows the activity of three cells that did not discharge before spontaneous eye movements; Figure 7 shows the activity of the cells with discharges before spontaneous saccades. The presence of a visual response did not correlate with activity before spontaneous saccades. For example, the visual responses of 13-425 and 13-493 were comparable, yet the former had brisk activity before spontaneous saccades, and the latter did not respond. The activity of cell 13-424 was suppressed by the onset of visual stimuli, and the activity before visually guided 6. Comparison of cell activity for visually guided, learned, and spontaneous saccades for cells with no activity before spontaneous saccades. Each column shows histograms for a cell in four different situations. Optimum saccade for each cell is shown above. All histogram calibration lines represent a discharge rate of 100 Hz. Top row shows activity during visually guided saccades. Histograms in this row and next two rows are aligned on beginning of saccade (vertical line). Second row shows histograms collected during learned saccades made in total darkness. These trials were interspersed with visually guided trials in top row. Third row shows histograms based on spontaneous eye movements of optimal dimensions made in total darkness. These cells did not discharge before spontaneous saccade. Fourth row shows responses to same stimuli used to elicit visually guided saccades of top row, but presented in no-saccade task. Vertical line signifies onset of these stimuli. Note that middle neuron, 13-424, had more activity before learned saccades than before visually guided ones. This cell was suppressed by visual stimuli.
saccades was much less than that before learned saccades, yet the cell did not discharge before spontaneous saccades.
The much weaker activity before spontaneous eye movements, in contrast with the brisk activity before purposive ones in the learned-saccade task, does not appear to reflect different levels of arousal across these situations. To prevent the monkeys from becoming drowsy, as they usually would when left undisturbed in the dark, we made loud noises and gave them "free" drops of water that were accompanied by the sound of the water solenoid operation. In many experiments we delivered water after particular sets of eye movements, including those into the movement fields of the units being studied. These procedures, especially the water deliveries, served to keep the monkeys alert and producing a high rate of crisp, normal-looking saccades despite the lack of visual stimulation. However, unlike the more structured leamedsaccade task, these procedures did not induce the reliable production of particular saccades, even when specific saccades were explicitly rewarded via on-line computer recognition. Still, it is possible that the monkeys were deliberate in making some of these "spontaneous" saccades, and that even this minimal activity overestimates frontal eye field involvement in spontaneous eye movements.
It is important to emphasize that the Comparison of activity for visually guided, learned, and spontaneous saccades for cells with activity before spontaneous saccades. Each column shows activity of a single cell in relationship to eye movements and visual stimuli. Eye movements at top of column show optimum movement for cell as determined in visually guided saccade task. First row shows histograms collected during visually guided saccades. Histograms in this and next two rows are aligned on beginning of saccade (vertical he). Second row shows histograms collected during learned saccades made in dark. These trials were interspersed with visually guided saccades in first row. Third row shows spontaneous saccades of similar dimensions collected during spontaneous eye movements in dark. Fourth row shows activity during the no-saccade task synchronized on onset of same stimulus used to elicit saccades in first row. Vertical line signifies stimulus onset. Histogram calibration lines at the left all represent a discharge rate of 100 Hz. movement activity in the frontal eye fields is not in a strict one-to-one correspondence with the actual performance of saccades. As shown by their weak and inconsistent activity before spontaneous saccades, most movement and visuomovement cells do not inevitably discharge before all saccades into their movement fields. Conversely, we did not find cells whose discharge was inevitably followed by a saccade. This dissociation was often seen in the learned-saccade task. This was a difficult task, and the monkeys did not always make the proper eye movement when the fixation point was extinguished. Cells with the saccade but did not. Thus this movement activity, although highly correlated with saccades, was not obligately linked to it. We hypothesize that sometimes the brainstem ignores the frontal eye field signal to saccade, and that sometimes it receives saccade commands from elsewhere. However, when oculomotor behavior is strongly determined, as when the monkeys were reliably making taskrelated saccades, cells with movement activity reliably discharge before nearly every saccade into their movement fields.
Visuomovement cells movement activity frequently discharged The remaining 40% (46/l 15) of cells with when the monkey should have performed presaccadic responses were classified as vis-uomovement because they exhibited both saccade. Thus response duration depended visual and movement activity. They dis-upon the monkey's reaction time. Figure 8 charged both to visual stimuli in non-saccade situations and before learned saccades made in the absence of visual targets, but their optimal discharge occurred before visually guided saccades. The discharge of the visuomovement cells began in response to the stimulus to make the eye movement and continued throughout the reaction time period until the monkey actually made the shows the responses of a typical visuomovement cell. The discharge began a characteristic latency after the target appearance (A), preceded the saccade onset (B), and carried through the saccade termination (C). It discharged, but less intensely, in response to the visual stimulus alone in the no-saccade task (D), or to the saccade in either the learned saccade (E), or stable target task (F).
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w w-.-m. , and C show discharge of the cell in association with a visually guided saccade whose dimensions are shown in records above each raster. Stimulus appeared on the screen for 50 ms and then disappeared, leaving monkey in total darkness. A shows activity synchronized on onset of visual stimulus, B shows same activity synchronized on beginning of saccade, and C shows same activity synchronized on end of saccade. Vertical lines denote synchronizing event. D shows responses to same stimulus flashed during no-saccade task. E shows activity during learned saccade trials not having a visual target. These trials were interspersed with visually guided saccades shown above. F shows activity in stable target task. Note that most vigorous responses were in tasks where saccades were made to visual targets.
PRESACCADIC NEURONS 615
The visuomovement classification covers in the visually guided-saccade tasks, including a spectrum of frontal eye field cells, with one the stable target task. Figure 9 
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FIG. 9. Visuomovement cell with weak responses in both no-saccade and learned-saccade tasks. Above each raster are sample eye and stimulus traces. Top TOW has activity in visually guided saccade task synchronized on stimulus onset (Zej raster) and movement onset (right raster). Note that activity begins in response to stimulus and ends with eye movement; hence variability in response duration is largely a function of monkey's reaction time. Second row shows stable target task where there is no target onset and hence no on-response. Trials in left raster are synchronized on offset of fixation point. Trials in right are synchronized on onset of movement. Bottom left shows a weak response to stimulus in no-saccade task, with trials synchronized on stimulus onset. Bottom right shows a weak response in learned saccade task, with trials synchronized on saccade onset. Calibration lines all correspond to a discharge rate of 100 Hz. saccade task. It required a saccade with a visual target and discharged briskly before saccades to flashed targets in the standardsaccade task and to static targets in the stable-saccade task.
The results in Fig. 9 also show how the activity of visuomovement cells depends on both the task and the monkeys oculomotor performance.
The different burst durations in the visually guided-and stable-saccade tasks reflects differences in eye-movement latencies in the two situations. The differences are not inherent in these tasks, but occurred because we directly rewarded saccades in this instance of the stable-saccade task, but not in this instance of the standard-saccade task (note the secondary saccades made in the standard task while the monkey waits for the target to dim). The variety of delays illustrates that, regardless of saccade latency, visuomovement activity continues until the saccade is actually made. This point is most evident in rasters aligned on the saccade itself (right). Also, note that despite the longer saccade latencies, the burst onset is sharper in the standard saccade task (top left) than in the stable saccade task (middle left). This reflects the visual activity in response to the receptivefield stimulus onset, an event missing in the stable task where by definition the target is continually present. Furthermore, this phasic visual response is enhanced relative to its counterpart in the no-saccade task (bottom left).
We emphasize that the visuomovement cells represent a continuum of cells with varying proportions of visual and movement activity, and the exact boundaries between the visuomovement, visual, and movement classes are somewhat arbitrary. To describe this continuum we computed numerical indices of visual and movement activity for each cell. The movement index was the ratio of activity in the learned-saccade task to activity in the visually guided task; therefore movement cells had indices -1. The visual index was the ratio of activity in the visual task to activity in the visually guided task. Visual cells had indices of -1 if the visual activity had no presaccadic enhancement, but had smaller incides if there were presaccadic enhancement of the visual activity. Figure 10 is a scatterplot showing the relationship of these two indices in 64 presaccadic neurons for which we had full rasters for all tasks needed for the calculations; the sample is largely visuomovement cells as we often did not save the rasters of visual cells from the learned saccade task or rasters of movement cells in the no-saccade task. There is a striking continuum in the plot, although a weak dissociation between the two indices (r = -0.26) indicates a tendency for visuomovement activity to be predominantly visual or movement.
Quantitative properties of visual and movement jields
We initially studied visual receptive and movement fields for all cells by hand, using a joystick to control stimulus location. This enabled us to estimate the saccade dimensions associated with the highest-frequency discharge. After estimating this optimum saccade, we quantitatively studied presaccadic activity in a polar-coordinate framework, varying direction at an optimum amplitude and varying amplitude at an optimum direction. Within each series, amplitude, or direction, target location usually was randomly selected for each trial to eliminate anticipation and other systematic errors. Figure 11 illustrates the component histograms of the amplitude and direction series for a movement cell. This cell, like most movement cells, discharged over a large range of saccade amplitudes and directions. Figure 12 shows the response-field plots from the same cell. Each data point is the average of eight or more trials. For the direction plots, the curves through the data points were calculated as the Gaussian function index, Td, was 45.5", indicating that presaccadic activity is broadly tuned with respect to saccade direction. Nevertheless, each cell had an optimal direction, and the derived estimates of this optimal direction, D, generally matched our manual estimates using a joystick.
There was a consistent relationship between the tuning index Td and presaccadic cell type. Considering both the quantitatively studied fields and the larger sample tested with the joystick, all contralateral directions (e.g., 90 through -90" in left hemisphere) were represented in each hemisphere, and there was no apparent bias for cells with movements along a major axis (e.g. horizontal). Few cells had ipsilaterally directed optimal saccades; however, the movement or receptive fields of cells preferring fairly vertical saccades, either up and down, invariably crossed well into the ipsilateral range of directions.
Saccade amplitude tended to have one of two basic types of tuning curves, as illustrated AND M. for two visuomovement cells in Fig. 13 . Most cells, like the cell shown at the top of Fig.  13 , responded comparably to all saccade amplitudes beyond a minimal amplitude, usually 5-10". Even when the fixation point was moved away from the primary position to allow extremely large saccades that employed much of the orbit's range, these cells still discharged strongly. Conversely, other neurons responded best to small saccades, e.g., from <l O to -So, as illustrated by the bottom cell in Fig. 13 . Neither type of amplitude tuning curve was amenable to fitting with the straightforward Gaussian function that suited the direction-tuning curves. Even in cases with an apparent maxima, the curves were quite asymmetric, falling off more rapidly with decreasing saccade size than with increasing size. Because the visual system has a logarithmic function for magnification factor (67), we used a similar function for saccade amplitude, and used a Gaussian based on the logarithm of the radius f(a) = B + Re qEz&!) where f(a) is discharge frequency, a is saccade amplitude, B is the background activity, R the maximal activity, A is the optimal amplitude, and T, a dimensionless amplitude tuning index. As for the direction plots, B was fixed at background activity and the remaining constants determined by the method of least squares.
We gathered amplitude data for 3 1 cells and fit each plot using this formula. The log Gaussian fit both types of amplitude curves fairly well. The average optimal amplitude (A) was 18" and the range was 1.9 to 40.9", and the median was 13O. The average value of T, was 1.17, and the median value was 0.91. There was no significant correlation across cells between T, and the optimal amplitude (r = +0.08). Therefore the typical presaccadic cell is broadly tuned for saccade amplitude in that a T, of 1 .O gives roughly a 50% response decrement for amplitudes either l/3 or 3 times the optimal amplitude. In this manner, the logarithmic formula quantifies our observation that cells preferring large saccades discharged briskly preceding the largest saccades that we could induce the monkeys to make.
The relationship between T, and cell type was similar to that found with directional tuning. Again movement cells had the largest The difference between visual and movement was significant (t = 2.10, 12 df, P < 0.05) as was the difference between visual and visuomovement (t = 1.77, 21 df, P < 0.05). The difference between movement and visuomovement cells did not obtain statistical significance (t = 0.79, 24 df, P > 0.05). Thus as with direction, visual cells were better tuned than movement or visuomovement cells. Compare the visual receptive fields with large and small eccentricities in Fig. 14 with their movement and visuomovement counterparts in Fig. 13 .
Both the direction and amplitude tuning curves were obtained with the other variable fixed near its optimal value. When other values were used for the fixed variable, the same basic tuning curves were obtained at a lesser response level. Therefore, the activity at arbitrary saccade directions and amplitudes seemed to reflect a straightforward combination of the response functions of the two polar variables. Consequently, we estimated the overall response fields of frontal eye-field neurons by using the parameters obtained from the direction and amplitude tuning curves; such three dimensional reconstructions of overall response fields are shown in Figs. 12, 13, and 14.
Two questions might be raised concerning this overall formulation. depicted by combining the amplitude and direction functions compatible with arbitrary saccade dimensions? Second, is a formula based on polar coordinates superior to other formulas, such as a more conventional "Cartesian" characterization? Although we did not extensively explore these issues, our results do indicate affirmative answers to both questions. First, data points outside the initial amplitude and direction sets appeared compatible with the overall formula. As just mentioned, when multiple direction sets at different amplitudes were collected, the directional tuning was similar across the sets; likewise, amplitude sets at different directions were similar. For seven cells we took additional sets of data using rectangular arrays of targets, e.g., a 5 X 5 matrix. Such arrays have varied combinations of amplitude and direction. The combined formula fit these data as well, regardless of whether the parameters were taken from the separate direction and amplitude analysis or were found by an iterative process using the combined polar formula with the matrix data.
These data further indicate that the polar formulation is probably better than a Cartesian model in which the discharge varies as a function of distance from a response-field center. To compare these alternatives explicitly, we used a similar function, but based on the (x, JJ) target location where X and Y are the optimal target coordinates, S is a tuning measure (in degrees), and B and R are rate constants as before. Again, B was fixed at the base-line rate, and the remaining parameters were estimated with the same iterative algorithm used for the other formula. We then calculated F statistics for both this formula and for the combined polar formula as applied to each cell's data. By the F statistic, the polar formula accounted for significant proportion of variance in 5 of the 7 cells, and in each of these 5 cells it accounted for more variance than the Cartesian formula did. Both formulas accounted for an insignificant proportion of variance in PRESACCADIC NEURONS 621
14. Response fields of two visual neurons. Direction plots show discharge rates for various directions of saccades at an optimum amplitude, with a Gaussian function curve fit by method of least squares. Amplitude plots show discharge rates for various amplitudes of saccade in optimum direction, with a log Gaussian function curve fit by methods of least squares. Response surface is extrapolated from amplitude and direction functions, with the plot arbitrarily rotated to provide least obstructed view. Each poinf is the average of at least eight trials. Upper cell has a fairly eccentric receptive field. Bottom one has a receptive field near the fovea. Although monkey made saccades to visual stimuli for these data, visual receptive-field plots were very similar when constructed with data from the no-saccade task.
the remaining two cells, probably indicating that the data arrays were too restricted.
There are additional reasons for preferring a polar formulation. One is based on the amplitude tuning results. We usually included a small saccade in the opposite direction (that is, target light appeared on side of fixation light), additional to the data points shown in the amplitude plots. No cell discharged before such saccades in the opposite direction, even if the cell preferred a small saccade, and therefore the "wrong" side target was actually near the optimal target location. A Cartesian formula would not predict a radical response diminution with small target displacements in any circumstance, but the polar formulation does predict this if the displacement entails a large change in saccade direction. Another argument for the polar formulation is that it predicts that the response will approach base-line activity as saccade amplitude approaches zero. In contrast, the Cartesian formula approaches a limit above base line, determined by the distance of the coordinate (0, 0) from the field center. Monkeys invariably make microsaccades while fixating a small spot, yet no presaccadic cell responded in a pure fixation task (i.e., without any peripheral stimulus), even if the fixation light were blinked briefly.
For visuomovement and movement cells the responses at nonoptimal saccade parameters often had a longer latency than responses associated with optimal saccades. Thus, a departure from the optimal saccade parameters resulted in a later and weaker response.
Anticipatory activity
For about 20% of movement and visuomovement cells (but ~2% of visual cells) discharge rate in base-line interval between the acquisition of the fixation point and the presentation of peripheral visual stimuli var-the no-saccade task making saccades of unied with the behavioral paradigm. If saccades predictable directions. We defined the inwere being required and the monkey could creased base-line activity before predictable predict the dimensions of the saccade to be saccades as anticipatory activity. Figure 15 made, then activity in this interval was greater illustrates a visuomovement cell that disthan when the monkey was either performing played a component of anticipatory activity.
. 15 . Anticipatory activity of a visuomovement cell. A and B show activity during a series of visually guided saccades. In these trials, the monkey was directly rewarded for making the saccade. Trials in A are synchronized on stimulus onset, and in B on saccade onset. Note that activity begins well before stimulus onset. C shows activity during a subsequent series of no-saccade trials. Trials are synchronized on stimulus onset. Note that there is no anticipatory activity. D and E show response of same neuron in a different series of saccade trials that followed the trials illustrated in C. In these trials the target flashed for 100 ms, and the monkey made the saccade in total darkness. In D the trials are synchronized on stimulus onset, and in E on saccade onset. Note that anticipatory activity returned. F shows that anticipatory response disappeared during a series of no-saccade trials to same flashed target. Trials are synchronized on the onset of the stimulus. Calibration line at the left of the histograms represents a discharge rate of 100 Hz. All rasters were collected after monkey performed several trials, and anticipatory activity appeared to have stabilized.
In the first series of movement trials (A and B) there was significant activity that developed during the fixation period before the stimulus to make the saccade. This anticipatory activity disappeared during a series of no-saccade trials (C) and reappeared during the next series of predictable saccade trials (D and E).
Because the physical situation was identical in the waiting period of the saccade and nosaccade task, we conclude that this activity could not be directly attributed to visual stimulation and instead is related to anticipation of required oculomotor behavior.
Unlike movement and visual activity, anticipatory activity varied considerably from trial to trial (e.g., Fig. 5 ) and could only reliably be measured in histograms summing large blocks of trials. However, for some cells the anticipatory activity was robust enough to be examined across individual trials. Figure  16 shows trial-by-trial data from a unique cell which had anticipatory activity in the absence of either movement or visual activity. Figure 16A depicts the growing anticipatory response during the first four trials of a saccade series. Figure 16B shows the anticipatory response waning during the first four Figure 16C shows the more rapid decrement when the monkey made an eye movement in a different direction (after the response had again been reinstated with a series of saccade trials in the optimal direction for the cell). The trials illustrated in Fig. 16 indicate that the anticipatory activity was related more to what the monkey had done on the previous trials than what it did on the trial in question. We hypothesize that this is because the monkey has learned that our experiments are repetitive and anticipates each trial to be like the previous ones.
Timing of presaccadic activity
The timing of different presaccadic responses with respect to saccade target onset, fixation point offset, and saccade onset reinforces our classification of presaccadic frontal eye-field neurons. The most striking demonstration of this involved the stable target task, which dissociates the movement-related response from responses to the stimulus onset. In this series, first saccade was visually guided, and next three were learned saccades made without visual guidance. B shows first four trials in a no-saccade series that followed saccade series shown above. Note that brisk anticipatory response of first trial wanes as monkey ceases to expect to make an eye movement. C shows the anticipatory response, which was reinstated by saccade trials not shown, wane when monkey was required to make saccades in opposite direction from optimum for the cell. These saccades were all visually guided. , and cell discharge (dots between the position and stimulus traces). First row shows a visual cell that discharged in response to stimulus onset, but not in response to movement. Second row shows a visuomovement cell discharging in response to onset of stimulus and maintaining discharge until eye movement triggered by subsequent disappearance of fixation point. Third row shows same visuomovement cell in a paradigm in which target flashed for 50 ms, but the monkey was not allowed to make a saccade until much later. Cell continued to discharge until saccade was made. Bottom row shows response of a movement cell that discharged in a burst around movement, and not at all to stimulus. All calibration lines signify a discharge rate of 100 Hz.
in which the stimulus appeared early in each trial but the monkey was not permitted to make a saccade to it until the fixation point disappeared -1 s later. Visual cells respond directly after the peripheral target onset, and for phasic visual cells the response to this event is confined. Cell 19-O 18, the first shown in Fig. 17 , is an example of this type.
In contrast, movement cells usually respond little, if at all, to the onset of the target in this task, but instead respond after the offset of the fixation point, which is the cue to make the saccade. As with the visual responses, there was a temporal distinction with respect to movement responses. At one extreme were movement cells, like cell 19-01 73 at the bottom of Fig. 17 , which gave discrete bursts only immediately prior to the eye movement. Other movement cells discharged long before the saccade, including the anticipatory activity described above.
Visuomovement cells respond to both the peripheral target and the saccade signal in the delayed-saccade paradigm. Some have a distinct burst both at the onset of the target and after the signal to saccade. Other visuomovement cells, as illustrated in Fig. 17 , respond tonically for the interval between these events. Tonic visual neurons respond similarly, and some neurons that have primarily phasic visual responses during the nosaccade task have tonic responses when the stimulus is presented in a stable-target task.
Figure 17 also illustrates a form of visual memory present in the frontal eye fields. The target was presented only briefly ( 100 ms), but the monkey was still required to delay the saccade until the fixation light extinguished a second later. Under these conditions the visuomovement neuron illustrated continued to respond from the brief target presentation until the saccade was made. Both visuomovement and tonic visual cells usually showed such a short-term visual memory for brief saccade targets.
Response latencies reflected both cell types and the task. Latencies were calculated from 16 trial rasters aligned on the peripheral stimulus onset with a bin width of 4 ms. Because the light sources were light-emitting diodes, there is negligible rise time of the stimulation and no accompanying sound from shutters or solenoids. Visual and most visuomovement cells had sharp and consistently timed responses to the onset of a receptive-field stimulus. Purely visual latenties, as defined by a response during the nosaccade task, ranged from a minimum of 60 to over 150 ms, with a median latency of 92 ms (n = 134).
We also computed the latencies of movement responses from visuomovement and movement cells relative to the signal to make a saccade. We used either learned saccade or stable saccade tasks so that the movement burst was not contaminated with an onresponse to the saccade target. Both cell types usually have a strong burst of activity after the offset of the fixation point in these tasks that is distinct from any anticipatory activity present. Response latencies in the stable saccade task ranged from 100 to over 200 ms with a median of 152 ms. The learned saccade responses latencies were similar, with a median of 140 ms.
We directly compared visual and movement latencies for visuomovement cells by comparing the latency of a cell's response in the visually guided saccade task with the same cell's latency in the learned-saccade task. Of a sample of 46 visuomovement cells, 41 responded with shorter latencies in the visually guided task, and the median cell responded 32 ms earlier in this task. Thus visual activity in the frontal eye fields generally precedes movement activity by >30 ms in a visually guided saccade task. This temporal relationship holds both for populations of cells and for single cells with both visual and movement activity.
Suppression of presaccadic activity
A ubiquitous facet of all types of presaccadic neurons was a sharp suppression of the response following the performance of a saccade into a neuron's response field. Often this suppression began too early to be explained merely by the saccades' removing the stimulus from the receptive field. We hypothesized that an active suppression directly resulted from the saccade. This hypothesis was tested using visual stimuli sufficiently brief so that the stimulus was extinguished before a saccade could be made. Many visually responsive units, especially those with tonic visual responses, continued to respond well past the offset of such brief stimuli, but not when the monkey made a saccade to fixate the stimulus. Figure 18 gives an example of this suppression. Figure 18A shows the response of the cell to stimulus flashed on the screen for 50 ms. The cell continues to discharge for > 1 s after the stimulus offset. Figure 18B shows that the cell had no significant response in the learned-saccade task, and therefore no significant movement activity. Figure 18C shows that the cell's visual response is sharply cut off in trials in which the monkey makes a saccade to the stimulus. Note that there is no enhanced response to the stimulus in the saccade task. Figure 180 shows that the discharge rate begins to decline at the beginning of the saccade. We also observed that base-line activity of visual neurons was often suppressed after saccades in which there was no effective visual stimulation (e.g., learned-saccade task, see Fig. 18B ).
Movement responses appeared to be similarly suppressed after the performance of a saccade into the movement fields. Most movement responses were dramatically diminished shortly after the end of the saccade, regardless of trial-to-trial variations in saccade latency. Even if movement cells did not Fig. 6 ). Likewise, anticipatory activity apdischarge before spontaneous saccades, their peared to end with the performance of sacbase-line activity was often momentarily cades into the anticipatory movement field; eliminated after spontaneous saccades into this was especially evident for the unique cell their movement fields (e.g., cell 13-480 in with only anticipatory activity (Fig. 16) .
Other responses and cell types AUDITORY RESPONSES. We did not systematically test for auditory responses and hence cannot estimate the percentage of cells with auditory responses. However, 30 cells were driven by sounds. Using free-field stimulation from a small speaker, auditory histograms were made for many of these units during the visual fixation task. Thus we verified these auditory responses and controlled for the possibility that such activity might reflect eye movements made in response to sounds.
All auditory responses were preferentially or solely elicited from contralaterally placed speakers, and auditory neurons responded similarly to tones, clicks, white noise, or sounds informally made by the investigators. Sixteen neurons responded only to sounds and not to any visual stimuli; 14 neurons were bimodal, responding to both light and sound. Figure 19 illustrates a cell with visual and auditory responses. The visual response was enhanced when the visual stimulus was used as a saccade target. Because the monkeys were not trained reliably to make saccades toward sound sources we could not test for an analogous enhancement of auditory responses. This multimodal cell had a quite eccentric visual receptive field; in fact, all 30 cells with auditory activity were in parts of the frontal eye fields associated with largeamplitude saccades.
POSTSACCADIC RESPONSES.
Of the frontal eye-field neurons that did not discharge before saccadic eye movements, many (17% of total) did discharge in conjunction with saccades, but their activity did not occur until after the saccadic movement had begun. Another 2% were suppressed in conjunction with nearly all saccades, regardless of direction or amplitude. Furthermore, at least 16% of presaccadic cells also had a postsaccadic discharge following saccades in roughly opposite the direction of the saccades associated with the presaccadic discharges. Figure 20 shows such a cell with both pre-and postsaccadic activity. The incidence of such combined responses is probably higher than the 16% we observed because we did not always test saccades obviously outside the presaccadic response fields. Unlike presaccadic activity, postsaccadic activity was not conditional upon purposive oculomotor behavior, and it followed spontaneous saccades of the proper dimensions as well as saccades made in conjunction with tasks. Consequently, cells that discharged both before and after saccades exhibited the presaccadic component of their discharge best before purposive saccades, but discharged comparably after all saccades of appropriate direction and amplitude for their postsaccadic activity.
Seven percent of the total sample responded directly to the fovea1 fixation point, including responses to its onset, offset, and tonic responses during fixation. These are similar to the cells described by Suzuki (7 1, 72). Only 2% responded directly as a function of the direction of gaze, which would correspond to Bizzi's type II neurons; however, some fovea1 and postsaccadic responses were gated or modulated by direction of gaze. Another 2% responded in association with smooth pursuit of a visual target moving in particular directions. Seven percent had activity of miscellaneous types, often reflecting some combination of the responses just discussed.
DISCUSSION
These results add to the evidence that the frontal eye fields have a neural mechanism whereby cerebral cortex can direct the oculomotor system. Over half of the cells in frontal eye fields discharge before visually guided saccades, and we have identified three types of presaccadic activity: 1) sensory activity, both auditory and visual, of which the visual are more exhaustively studied here; 2) movement activity, which precedes purposive saccades and is not dependent upon sensory stimulation; and 3) anticipatory activity that precedes saccades the monkey could anticipate that he will soon be cued to perform. These presaccadic activities are found in over half the cells in the frontal eye fields, and individual cells have different admixtures of these activities. We described three classes of presaccadic neurons: visual, visuomovement, and movement. Visual and movement cells are very distinct from each other: visual cells have visual activity only, and discharge only if there is a stimulus in their receptive fields. Movement cells discharge before purposive saccades, whether or not those saccades are visually guided. They have little, if any, visual activity. Visuomovement cells have both visual and movement activity, and discharge best before visually guided saccades. They form a continuum from almost movement to almost visual, and as such probably do not form a unitary neural class, although we refer to them as a class for heuristic purposes.
These different activities may represent the transformation of sensory and internal information into signals interpretable by lower oculomotor structures as commands to make saccades. In this schema visual activity represents potential eye-movement-target locations within the frontal eye fields, and movement activity signals the desired saccade to subcortical oculomotor structures. Movement activity may usually derive from visual activity within the frontal eye fields, just as saccades are commonly visually guided. However, just as saccades can be made for nonvisual reasons, so can movement activity occur without an overt visual stimulus. 
Sensory responses
Visual responses in the frontal eye fields have been described (24, 5 1, 54). The visual receptive fields are large relative to striate and extrastriate visual cortex, and are unselective with respect to stimulus attributes such as motion, orientation, or color. Visual response latencies are long (always >60 ms) in comparison with either striate cortex or the superior colliculus (typical latencies of 25-50 ms). Presumably both the large receptive fields and long latencies reflect a multisynaptic pathway from these primary visual centers, probably via prestriate cortical areas (4). These visual responses are not conditional upon the behavioral significance of visual stimuli; however, oculomotor behavior affects these visual responses in at least three ways. First, visual responses can be enhanced if the stimulus is the target for a saccadic eye movement (24, 84). Second, visual responses to brief targets can be prolonged if the saccades to such targets must be delayed. Third, visual responses are sharply terminated by the completion of saccades towards the stimuli.
We suggest that frontal eye-field visual activity is best understood as providing targets for visually guided saccades, and not as participating in a more general analysis of the visual world. Tonic visual activity provides an excellent example of how the visual activity might be used for saccade targeting. It provides an ongoing record of where targets are, and, by continuing after the target disappears, it also could guide saccades to the vicinity of recently extinguished targets. Tonic activity is sharply terminated by the saccade itself, which is appropriate for a role in eye movements that each saccade renders ongoing tonic activity incorrect. If tonic visual activity continued after the lOO-ms saccadic refractory period it could trigger erroneous saccades. For example, if the stimulus had been acquired by a saccade, then continued discharge could evoke another, now erroneous, saccade of the same size as the first. The suppression of visual activity by saccades may serve to prevent such motor errors.
The primacy of oculomotor targeting rather than visual analysis is also apparent in the visual cells that also respond after saccades directed away from their receptive fields. Their message is ambiguous; a recipient cell cannot distinguish if a saccade has been made or if a visual stimulus has appeared. From an oculomotor perspective, however, their dual activities reflect a simple identity. Saccades that would foveate stimuli in their receptive fields are roughly the same saccades that would negate or retract saccades that trigger their postsaccadic activity. Therefore, these cells could promote the saccade defined by their presaccadic activity for either of two purposes: to foveate a new receptive-field stimulus, or to return to the previous direction of gaze after a glancing saccade in the postsaccadic direction. In fact, monkeys often retract saccades by immediately making another of equal amplitude but opposite direction, and such return saccades can have latencies as short as 90 ms and are readily made even without visual targets (Goldberg and Bruce, unpublished observations). Thus the information carried by these cells is not whether a saccade has been made or a stimulus was seen, but rather the coordinates of a useful saccade.
It is unclear if this visual activity has a perceptual role as well. Frontal eye-field lesions cause perceptual deficits (12, 29, 76), but subtle oculomotor difficulties may underlie some of these perceptual problems. If visual activity in the frontal eye fields does have a perceptual function, it must be spatial or attentional because this activity is not specific for stimulus form or pattern. Furthermore, because the enhancement of visual responses does not occur in contexts where saccades are expressly forbidden (24), even the spatial coding by visual activity here appears dedicated to eye movements.
In some respects visual neurons in the frontal eye fields resemble those in the superficial layers of the superior colliculus (25, 26, 64). These collicular cells also have saccade-related enhancement and saccade-induced suppression of visual activity (6 1). However, these collicular cells have much smaller receptive fields and shorter latencies than do visual cells in the frontal eye fields. Saccade-enhanced visual neurons are also found in the prelunate gyrus of the monkey (17), but it is not clear if neurons there are also enhanced in conjunction with attentive behavior not involving saccades. Similar visual activity in area 6 (54, 75) may help control skeletal movements. Comparable visual responses in prefrontal cortex immediately anterior to the frontal eye fields (37, 38, 50) appear to be related to functions other than eye movements.
We also studied frontal eye-field neurons with auditory responses. As the cells responded to auditory stimuli while the monkey fixated, the activity is not merely an artifact related to saccades induced by sounds. We hypothesize that auditory responses in the frontal eye fields serve in targeting saccadic eye movements to sound sources just as visual stimuli serve visually guided saccades. The auditory activity was found in the dorsomedial part of the frontal eye fields associated with large saccades (59, 70) , which supports our hypothesis because one would expect auditory stimuli to control large, but not small, saccades. The bimodal auditoryvisual neurons found in the frontal eye fields resemble bimodal neurons found in the deeper layers of the superior colliculus (14, 27, 35). Neurons in adjacent dorsomedial prefrontal cortex respond selectively during a manual sound-localization task (5).
Movement activity
Because few frontal eye-field neurons consistently discharge before spontaneous eye movements in the dark, but many have visual responses, it initially seemed that the frontal eye fields were exclusively involved with visually guided eye movements (23). We have shown that the frontal eye fields are also active before purposive saccades that are not visually guided. Neurons were studied with an emphasis on tasks that elicit motivated saccades temporally separate from stimulus events in a cell's putative receptive field and tasks that elicit specific saccades without visual targets. These experiments indicate substantial presaccadic activity in the frontal eye fields that is temporally and causally independent of visual stimulation. This movement activity was typically a burst beginning shortly before the saccade and ending just after its completion.
That this signal could move the eyes is further supported by our observations (2 1, 22, 24) that the dimensions of saccades evoked by electrical stimulation in the frontal eye fields are congruent with the movement fields of the cells recorded at the stimulation site, and that saccade thresholds are lowest near cells with movement activity.
Presaccadic movement activity in the frontal eye fields could not serve as an efference copy signal. Much movement activity was found in cells that also had visual activity; such cells would provide a misleading efference copy as they respond to visual stimulation in the absence of saccades. The activity could not originate as a corollary discharge from eye-movement centers because movement activity was found on trials in which the monkey failed to perform the learned saccade. If the activity came from a corollary discharge, it would be absent when the eyes did not move. Conversely, presaccadic movement activity was absent or greatly reduced during spontaneous saccades made in the dark; a corollary discharge would occur regardless of the cause of the movement. In contrast, postsaccadic activity in the frontal eye field reliably follows saccades regardless of cause and may well function as an efference copy signal (6, 73). That the presaccadic movement activity reliably occurs before purposive saccades but not before spontaneous saccades explains why previous investigators found only postsaccadic activity (6, 7).
Movement fields in the frontal eye fields were studied within a polar-coordinate framework.
Discharges were tuned for direction of saccade and declined symmetrically with departures from the optimal saccade for a particular cell. Amplitude was not symmetrically tuned; discharges decreased more rapidly with shorter saccades than with saccades longer than the optimal amplitude, and many cells discharged before all saccades above a minimum amplitude. Similar asymmetric response fields have been demonstrated in the superior colliculus (25, 68, 69, 8 1). We found that the asymmetric amplitude tuning could be quantified by considering the logarithm of the amplitude. The mapping of the retina to striate cortex is logarithmic (67), and this amplitude tuning could reflect convergence of this logarithmic mapping of visual space.
Both direction and amplitude tuning in the frontal eye-field neurons were broad, implying that a given eye movement must be represented by activity of a large ensemble of neurons. The brain must fashion an accurate saccade by recruiting a precise assembly rather than by depending upon the properties of individual neurons. Such an ensemble mechanism has been proposed for the superior colliculus (48, 68, 69) , where similarly large movement fields for saccades are found. It is paradoxical that such broadly tuned movement fields discard, presumably via convergence over successive synaptic steps, the precision inherent in the smaller receptive fields of the superficial superior colliculus and the even smaller ones of striate cortex. The receptive fields of visual cells in the frontal eye fields were generally smaller than movement fields of movement cells there, suggesting that the culmination of this convergence takes place within the frontal eye fields.
Not only the intensity, but also the timing of frontal eye field activity may help code saccade dimensions. Activity preceding nonoptimal saccades is delayed relative to activity preceding the optimal saccade for a particular cell. These tardy responses could be less effective than quicker ones, effectively narrowing the subset of active cells that determine saccade dimensions. A similar latency effect is evident for movement cells in the superior colliculus (68, 69).
The proximity of the frontal eye fields to the motor cortex has been taken to indicate that these cortices are analogous (33, 34); however, there are substantial differences that reflect the evolutionary and functional differences between the oculomotor and skeletal motor systems. Motor cortex projects to skeletal motor neurons in the spinal cord (53) , whereas the frontal eye fields do not project to motor neurons of extraocular muscles. Activity in the motor cortex is sometimes related to individual muscles (2), whereas movement activity of the frontal eye fields precedes saccadic eye movement that entails stereotyped, yoked movement of twelve muscles. Saccadic eye movements such as the quick phase of vestibular nystagmus are found in even primitive vertebrates (56) , and saccades which serve to foveate discrete visual targets use the same motor program. Therefore the cortical oculomotor system is not burdened with calculating the forces exerted by each muscle: the brainstem saccade generator does that perfectly well. All the cortex needs to signal is the direction and amplitude of a desired saccade.
Anticipatory activity
Anticipatory activity was defined as activity preceding all targets and cues to make saccades. Such activity develops in the context of repetitive saccades and extinguishes over several trials when the task no longer requires saccades into the neuron's response field. The memory inherent in anticipatory activity might be the same memory that serves movement activity in the learned-saccade task; in fact, nearly all anticipatory activity was found in cells with movement activity. In situations in which visual targets are provided, anticipatory activity may facilitate more rapid and accurate saccades.
The anticipatory discharge resembles the activity of cortical neurons anterior to the frontal eye fields during delayed-response tasks (19, 38) . It may also be related to the negative scalp potential recorded while human subjects wait to perform cued movements. The frontal eye-field anticipatory activity differs from this contingent negative variation in that the latter is not specific for particular responses; perhaps this difference reflects the finer resolution of the single neuron technique.
Outputs of the frontal eye jelds
The massive projection from the frontal eye fields (3, 39, 70) to the intermediate layers of the superior colliculus is one pathway by which the frontal eye fields could effect saccades. This route is consistent with the particulars of movement cells in the two regions. In comparison with the frontal eye fields, collicular movement cells are tightly linked with eye movements and discharge before saccades of all manner, including the quick phase of nystagmus and spontaneous saccades in the dark. We hypothesize that the frontal eye field movement signal is largely mediated by the colliculus, which may ignore some frontal eye-field signals (e.g., movement cell responses on error trials in learned-saccade task) and can also trigger saccades in the absence of a frontal eye-field signal (e.g., spontaneous saccades unrelated to purposive behavior). A collicular route is consistent with latencies for microstimulation of saccades at low-threshold sites in the two structures: latencies being shorter in the colliculus (20-2 5 ms, Hikosaka, personal communication) than in the frontal eye fields (30-45 ms, Bruce and Goldberg, unpublished). Furthermore, there is an indirect pathway from the frontal eye fields to the intermediate layers of the colliculus via a caudate-tosubstantia nigra route. Consistent with the inhibitory nature of the nigral-collicular projection, Hikosaka and Wurtz (30, 3 1) found that tonic activity of nigral cells is suppressed both following visual stimuli and preceding saccades.
The frontal eye fields can also effect saccades independently of the colliculus. The frontal eye field projects to the medial dorsal nucleus of the thalamus, the mesencephalic reticular formation, and the pontine reticular formation, all of which have been implicated in the generation of saccades (3, 39, 44, 45, 70) . Schiller (63) has shown that frontal eyefield stimulation elicits saccades in monkeys with their superior colliculi removed. Furthermore, increasing the intensity of frontal eye-field stimulation to well above threshold can decrease latency to as low as 25 ms (59), a time that seems inconsistent with collicular mediation. Possibly an intense frontal eyefield signal bypasses the colliculus, even in an intact monkey.
Special role of the frontal eyeJields
We have demonstrated in the frontal eye fields activity related to the amplitude and direction of impending saccades. The superior colliculus has a similar mechanism, and apparently each system alone can trigger saccades (28, 65). The difference between the two systems must involve the quality of the decision making, not of the saccadic movements themselves. Holmes (34) noted that frontal patients make few exploratory saccades and have difficulty obeying verbal commands such as "eyes right" or "eyes left". They could, however, make saccades on command to discrete visual stimuli, and they made spontaneous saccades. Luria (47) emphasized the lack of sophisticated scanning patterns of frontal patients; their scanning patterns were overly determined by the features of the stimulus, and largely unaffected by instructions concerning what to look for. In a recent report (28) Guitton found that patients with discrete surgical frontal lesions had difficulty when asked to make saccades away from a flashed stimulus; in particular they often could not suppress making saccades directly to the stimulus.
In these clinical reports the frontal patients understand the task but still cannot fashion saccades that reflect that understanding. The frontal eye fields may be the means by which cortical decisions can access the brainstem's saccade generator. In contrast, the superior colliculus may provide a direct and rapid 
